A two-layer cold storage method (TLM) allows sufficient oxygen delivery to pancreata during preservation and resuscitates the viability of ischemically damaged pancreata in the canine pancreas transplant model. In this study, we applied a short-term preservation of the TLM to human pancreata after prolonged cold ischemia prior to islet isolation, and investigated the mechanisms of resuscitation of the ischemically damaged human pancreas by the TLM. Human pancreata were procured from cadaveric donors and preserved by the TLM for 3.2 ± 0.5 h after 11.1 ± 0.9 h of cold storage in UW (TLM group), or by cold UW alone for 11.0 ± 0.3 h (UW group). Islet isolations of all pancreata were performed using the Edmonton protocol. Islet recovery and in vitro functional viability of isolated islets were significantly increased in the TLM group compared with the UW group. According to the criteria of the Edmonton protocol, 10/14 cases (71%) in the TLM group were transplanted to patients with type I diabetes mellitus compared with only 5/21 cases (24%) in the UW group. In the metabolic assessment of human pancreata, levels of energetic parameters (ATP, total adenylates, and energy charge) were significantly increased, and malondialdehyde (MDA) levels were significantly decreased after the TLM preservation. There was no observable change in the incidence or degree of mitochondrial injury after the TLM preservation. Additional short-term storage by the TLM resuscitates the ischemically damaged human pancreas by regenerating the energetic status and prevents further damage by oxidative stress, ultimately leading to improvements of islet recovery and in vitro function. Use of the TLM following prolonged storage in UW provides an excellent adjunctive protocol for treating human pancreata for the rigors of the islet isolation process.
INTRODUCTION
still difficult to recover sufficient numbers of islets from a single pancreas with prolonged cold ischemia (10) (11) (12) . The two-layer cold storage method (TLM) has been Islet transplantation has become a feasible treatment option for patients with type I diabetes mellitus with the shown to be a potential method for pancreas preservation prior to islet isolation (16, 22, 29, 30 ). This method development of improved immunosuppression protocols and islet isolation techniques (23, 27) . However, human employs University of Wisconsin solution (UW) and oxygenated perfluorochemical to supply sufficient oxygen pancreas preservation for islet transplantation still holds additional challenges and considerations compared with to a pancreas during preservation (6) . Besides the effect to reduce cold ischemic injury of preserved pancreata, this whole-pancreas transplantation (2, 10, 11) . Before islet transplantation, human pancreata are processed using islet method can be used to resuscitate the viability of ischemically damaged pancreata during preservation (7, 8) . isolation procedures that include different steps involving collagenase digestion and purification. These processes Although the effect of the TLM is via oxygenation of the pancreas during preservation, the underlying mechamight be critically affected by pancreas storage conditions before islet isolation. Therefore, despite significant nisms of this method have not been fully clarified, although ATP production is a prime candidate (6, 8) . Furadvances in the methods of human islet isolation, it is 68 TSUJIMURA ET AL.
thermore, from the point of view of the oxidative stress, crine and exocrine tissue was purified by continuous gradients of Ficoll using the chilled Cobe 2991 (COBE the production of reactive oxygen species (ROS) can be induced during organ preservation in the UW (26).
BCT, Inc., Lakewood, CO) (15). Islet yield after purification was assessed in duplicate by counts of dithizoneFollowing prolonged cold ischemia, oxygenation of the pancreas by the TLM will most likely contribute to the stained aliquots of the final suspension of tissue (24). generation of ROS; such is the case of ischemia-reperfuSample Preparations and Metabolic Assays sion injury (18) . In this study, we attempted to clarify Human pancreatic tissue samples were taken before the mechanisms involved in the resuscitation of ischeand after the additional preservation of the TLM to inmically damaged human pancreata by the TLM prior to vestigate the effect of this method on the condition of islet isolation.
human pancreata. To arrest metabolic activity, samples
MATERIALS AND METHODS
were snap-frozen in liquid nitrogen and subsequently Procurement of Human Pancreata stored at −80°C until processed. Frozen samples were weighed and then extracted 1:5 Human pancreata were recovered from cadaveric donors after in situ vascular perfusion using cold UW as part w/v in perchloric acid containing 1 mM EDTA. Acid extracts were neutralized by the addition of 3 M KOH/ of a multiorgan procurement procedure (12). All protocols were reviewed by the University of Alberta Ethics 0.4 M Tris/0.3M KCl. Aliquots of neutralized extracts were immediately processed via standard enzyme-linked Committee. Pancreata were preserved in cold UW and immediately transported to the islet isolation laboratory metabolite assays (21). Spectrophotometric analysis was then performed to measure the absorbance of NADH, for processing. In this study, human pancreata were selected with the criteria of having more than 8 h (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) providing quantification of ATP, ADP, and AMP. Values are reported per gram of wet weight. The energy h) of cold storage in the UW at the time of arrival to the islet isolation laboratory. Human pancreata were procharge (EC) was calculated according to Atkinson (1) : EC = (ATP + 0.5 ADP)/(ATP + ADP + AMP). cessed for islet isolation immediately (UW group) or additional preservation by the TLM was performed ranFor assessment of oxidative stress in human pancreata, tissue malondialdehyde (MDA), which is the fidomly before islet isolations (TLM group).
nal product of lipid peroxidation, was examined (20) .
Two-Layer Cold Storage Method
Frozen samples were weighed and homogenized in 50 mM Tris HCl, 1 mM EDTA (pH 7.4) containing 0.02% We performed a static TLM as described previously (17) . Perfluorodecalin (PFC) was obtained from Fluorbutylated hydroxytoluene to avoid spontaneous oxidation of unsaturated lipids. A reaction mixture (0.67% omed, L.P (Texas). In the islet isolation laboratory, chilled sterile PFC in the bottle was oxygenated for a minithiobarbituric acid, 10% phosphotungstic acid, 0.1 M HCl, 7% SDS) was added to the homogenate and then mum of 40 min before preservation. The oxygenated PFC (300 ml) and the chilled UW (300 ml) were poured incubated at 95°C for 60 min. After cooling, MDA was extracted with N-butanol to prevent interference of other into the preservation container. Because PFC is immiscible with aqueous systems and has a high density (1.96 particles. The supernatant was measured with an excitation of 475 nm and emission of 575 nm. The breakdown g/ml), it is clearly separated from UW. After duodenum, spleen, and connective tissue were removed from the panproduct of 1,1,3,3-tetra-ethoxypropane was used as a standard and the results were expressed as nanomoles creas, the pancreas graft was placed on the surface of oxygenated PFC, covered with UW, and oxygenated per gram of tissue. during preservation mainly through direct diffusion of Histological Examination dissolved oxygen in PFC. The temperature was kept at 4°C during preservation.
Tissue samples were taken before and after the TLM preservations, immediately fixed in a 10% buffered forHuman Islet Isolation malin solution, embedded in paraffin, cut 3-5 µm thick, and stained with hematoxylin and eosin. Assessment of All pancreata were processed using identical isolation protocols. Islets were isolated using previously described mitochondrial damage by transmission electron micrography was also performed, providing analysis of overall techniques of collagenase digestion and Ficoll purification (9, 13, 15, 23, 24) . Briefly, human pancreata were perhistological damage of human pancreata. Tissue samples were immediately fixed with 3% glutaraldehyde buffer fused with liberase-HI purified enzyme blend and Pefabloc (Roche Molecular Biochemicals) under controlled and processed for transmission electron micrography. Ultrastructual integrity of randomly selected mitochonconditions (9,13). Pancreata were then transferred to the continuous digestion device for mechanical and enzydria from each specimen was evaluated in a blinded fashion by two independent pathologists. matic digestion (23) . Pancreatic digest containing endo-
In Vitro Viability of Isolated Islets
0.05). According to the criteria of the Edmonton protocol (>5000 IE/kg recipient body weight), 10 of 14 cases For assessment of in vitro viability, isolated islets were (71%) in the TLM group were transplanted to patients examined for their secretory responsiveness to glucose with type I diabetes mellitus compared with only 5 of during a static incubation. Aliquots of 50-100 islets were 21 cases (24%) in the UW group (p < 0.05) ( Table 2) . incubated in CMRL medium supplemented with either 2.8 or 20 mM of glucose concentration. The supernatant Metabolism of Human Pancreatic Tissue During was collected and frozen (−20°C) and subsequently asPreservation by the TLM sayed for insulin content by radioimmunoassay. Stimu- Table 3 summarizes the results of the metabolic anallation index was calculated by dividing insulin output yses. Tissue ATP levels of ischemically damaged human during high glucose (20 mM) incubation divided by inpancreata significantly increased after the additional sulin output during basal glucose (2.8 mM) incubation.
preservation by the TLM (p < 0.05). Also total adenine Statistical Analysis nucleotides (TAN) levels as well as EC significantly increased after the TLM preservation (p < 0.05). Tissue All statistical and regression analyses were performed levels of MDA in human pancreata significantly deusing Stat-View (SAS Institute Inc.), and descriptive stacreased after the additional preservation by the TLM tistics are expressed as mean ± SEM. Significance was (p < 0.05). Tissue levels of ATP were inversely corretaken at a value of p < 0.05, and groups were compared lated with tissue levels of MDA (r = −0.676, p < 0.001) by paired and unpaired Student's t-test (where appro- (Fig. 1) . priate) and Mann-Whitney U rank sum test or Wilcoxon signed rank test when normality test failed.
Histological Assessments

RESULTS
On light microscopy, no difference was noted beHuman Islet Isolation tween before and after the TLM preservation. Pancreatic Between August 2001 and July 2002, 35 pancreata structure, cell size, and cell shape were similarly well (>8 h cold ischemia, 8-19 h) were processed for islet preserved. By transmission electron micrography, there isolation. Fourteen cases were exposed to additional was no observable change in the incidence of mitopreservation by the TLM (TLM group) before islet isochondrial injury between before and after the TLM preslation. There were no significant differences between the ervation (19.2 ± 2.0% vs. 17.5 ± 1.6%, respectively). UW group and the TLM group in the mean of age, body Approximately 10-30% of mitochondria exhibited modmass index (weight/height 2 ), processed pancreas weight, erate deterioration; representative mitochondrial damage and duration of cold storage in UW (p = ns). The addiis depicted in Figure 2 . In the damaged mitochondria, tional preservation by the TLM was performed for 3.2 ± the cristae were patchy and nonuniform. Injury also con-0.5 h (2-7 h) in the TLM group (Table 1) .
sisted of vacuolation of the matrix with the cristae loThe human islet recovery was significantly increased cated peripherally or absent. Some mitochondria had a in the TLM group compared with the UW group (p < swollen appearance with cavitations in the matrix. The 0.05). There was also significant difference in postpuriswollen and vacuolated appearance is indicative of water fication islet yields per pancreas weight between the uptake and the cristeolysis event is typical of suppressed UW group and the TLM group (p < 0.05) ( Table 2 ). The oxidative phosphorylation. purity and percent of trapped islets (islets cuffed or com-DISCUSSION pletely embedded by exocrine tissue) after purification were not significantly affected by the TLM preservation.
Ischemically damaged pancreata can be successfully resuscitated by the TLM preservation in the canine panIn the assessment of in vitro viability of purified islets, there was a significantly higher stimulation index (SI) creas transplant model (7, 8) . Canine pancreata subjected to 90 min of warm ischemia were resuscitated during in the TLM group compared with the UW group (p < the TLM preservation at 4°C for 24-48 h (8), or at 20°C preservation by the TLM resuscitated the viability of ischemically damaged human pancreata and improved the for 5 h (7). ATP is synthesized within ischemically damaged canine pancreata, potentially via direct phosphoryislet recovery and in vitro function, increasing chances of islet transplantation from human pancreata with prolation of adenosine contained in the UW during cold storage by the TLM (5). Furthermore, it had been shown longed cold ischemia. However, the islet recovery and in vitro function were not correlated with ATP tissue that graft survival after canine pancreas transplantation is correlated with the ATP concentration of ischemically concentration of human pancreata before islet isolation (data not shown), in contrast to previous experiments of damaged pancreata after preservation by the TLM (19). Because ATP is an essential source of energy to repair the canine pancreas transplant model showing the relation between graft survival and ATP concentration (19). damaged cells (14), it is highly plausible that ATP regeneration plays a key role in the recovery of the ischeThis may be caused by an increased number of factors involved in the complicated process of organ procuremically damaged pancreas during preservation by the TLM. ment and human islet isolation (e.g., warm ischemia during the procurement operation, unstable enzyme activity, In this study, we employed an average 3.2 h period of the TLM preservation at 4°C to resuscitate human tissue digestion and purification procedures, etc.) compared with experiments of the canine whole pancreas pancreata subjected to at least 8 h of cold ischemia (maximum of 19 h), because we had achieved improved retransplantation.
The benefit of the TLM in the resuscitation of ischesults by using this time frame in the past, but found no encouraging results when exceeding 10-h period of the mically damaged pancreata is due to oxygenation of the pancreas during preservation. However, the oxygenation TLM preservation (data not shown). Furthermore, it is clearly necessary to minimize the time involved for any of an organ after prolonged cold ischemia most likely contributes toward inducing tissue damage through the additional treatments to facilitate islet isolation for subsequent transplantation.
generation of ROS (18) . Although the UW contains glutathione and allopurinol as antioxidants (28), reduced Applying short-term preservation of the TLM to human pancreata with prolonged cold ischemia, the energlutathione added at the time of manufacturing of UW soon becomes oxidized (4). ROS can be produced in the getic status (ATP, TAP, and EC) of human pancreata was regenerated prior to islet isolation, and significantly organ during cold storage in the UW (26). It is becoming clear that mitochondria play a critical increasing islet recovery was achieved. In the assessment of islet function, insulin secretory activity was also sigpart through their central role in cellular bioenergetics (18) . As shown in Figure 2 , long periods of cold ischenificantly improved by this method. Additional short lipid peroxidation and causing damage of critical cell and organelle membrane functions. MDA is an end product derived from the peroxidation of polyunsaturated fatty acids and provides a convenient index of lipid peroxidation (20) . Interestingly, tissue MDA concentration of ischemically damaged pancreata was significantly decreased after short-term TLM preservation. Morphologically, we found no significant change after the TLM preservation in the degree and incidence of mitochondrial damage. Mitochondria behave as a double-edged sword in this case, being not only involved in the antioxidant system through superoxide dismutase and glutathione peroxidase but also being one of the major centers of ROS production (3). Mitochondria are also the powerhouses of the cells to provide ATP through the oxidative vation, and there was an inverse correlation between depletion of MDA and increase of ATP in the ischemically damaged human pancreata, as shown in Figure 1 . This may result in neutralizing ROS by promoting the mia can alter some structures of mitochondria in human mitochondrial antioxidant system. Oxygenation by the pancreatic tissue. Complexes I and III, which are major sub-TLM is able to prevent further oxidative stress and, perunit enzyme complexes of the electron transport chain haps more importantly, the TLM as an adjunctive protoin mitochondria, have been shown to be the most sensicol is capable of restoring the condition of human pantive to ischemic injury (25) . When human pancreata are creata already injured during cold storage. exposed to oxygen by the TLM after prolonged cold ischemia, electrons leaking from the respiration chain in CONCLUSION mitochondria react with oxygen to generate ROS. An increased ROS production makes them capable of reactAdditional short-term storage by the TLM resuscitates the ischemically damaged human pancreas by ing against proteins, lipids, and nucleic acids, leading to cess. 
